We have performed a kinematically complete experiment for the transfer ionization reaction 0.15 1.4 MeV p 1 He ! H 0 1 He 21 1 e 2 by measuring the three-dimensional momentum vector of the He 21 ion in coincidence with the scattering angle and the plane of the H 0 . In the measured fourfold differential cross section we can clearly distinguish between the independent two-step process of capture plus ionization and the correlated e-e Thomas scattering. We find a y 27.461 P scaling for the total cross section of the e-e Thomas process. [S0031-9007(97) One of the fundamental capture mechanisms for fast ion atom collisions was proposed by Thomas in 1927 [1] based on a classical treatment. This Thomas process can be understood as two consecutive binary collisions; first, by the projectile with one of the target electrons and, second, between this electron and either the target nucleus (e-N Thomas scattering) or another target electron (e-e Thomas scattering). The e-e Thomas scattering offers a unique possibility for investigating the dynamic electronelectron (e-e) correlation in atomic collision processes. For fast proton impact the perturbation of the target (in our case, helium) is small, and the electrons are quickly removed from the bound state by the e-e Thomas scattering. Thus this process will leave the nucleus behind with its momentum distribution from the initial ground state, which mirrors the sum momentum of the two electrons. Furthermore, the absolute probability for that process yields information on the spatial distribution of the two electrons. The e-e Thomas scattering always leads to a double ionization of the target, while the capture can either be to a bound [transfer ionization (TI)] or a continuum state of the projectile [2] .
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We have performed a kinematically complete experiment for the transfer ionization reaction 0.15 1.4 MeV p 1 He ! H 0 1 He 21 1 e 2 by measuring the three-dimensional momentum vector of the He 21 ion in coincidence with the scattering angle and the plane of the H 0 . In the measured fourfold differential cross section we can clearly distinguish between the independent two-step process of capture plus ionization and the correlated e-e Thomas scattering. We find a y One of the fundamental capture mechanisms for fast ion atom collisions was proposed by Thomas in 1927 [1] based on a classical treatment. This Thomas process can be understood as two consecutive binary collisions; first, by the projectile with one of the target electrons and, second, between this electron and either the target nucleus (e-N Thomas scattering) or another target electron (e-e Thomas scattering). The e-e Thomas scattering offers a unique possibility for investigating the dynamic electronelectron (e-e) correlation in atomic collision processes. For fast proton impact the perturbation of the target (in our case, helium) is small, and the electrons are quickly removed from the bound state by the e-e Thomas scattering. Thus this process will leave the nucleus behind with its momentum distribution from the initial ground state, which mirrors the sum momentum of the two electrons. Furthermore, the absolute probability for that process yields information on the spatial distribution of the two electrons. The e-e Thomas scattering always leads to a double ionization of the target, while the capture can either be to a bound [transfer ionization (TI)] or a continuum state of the projectile [2] .
Only two experiments [3, 4] which tried to find evidence for this e-e Thomas process have been reported in the literature. Both observed significant structures in singly (Horsdal et al.) [3] and doubly (Palinkas et al.) [4] differential cross sections of the TI in proton-helium collisions. Horsdal et al. found a peak in the ratio of transfer ionization to total transfer (with and without ionization) at a scattering angle ͑u P ͒ of about 0.55 mrad at projectile energies of E P 0.2 0.5 MeV. Gayet and Salin [5] , however could reproduce this peak within an independent electron model (IEM). We experimentally confirm that this peak is caused mainly by the independent two-step process and not by the e-e double scattering. Palinkas et al. [4] found a peak in the doubly differential cross section d
2 s͑͞dE e dV e ͒ at u e 90 ± and E e 600 eV at E P 1 MeV , which could be reproduced by a second-order Brinkman-Kramers approximation (BK2) of Briggs and Taulbjerg [6] , in contrast to the IEM [5] . For TI, Ishihara and McGuire [7] predicted electron emission along a second-order ridge at k 1 q 0, where k is the momentum vector of the free electron, respectively, and q the momentum change of the projectile. The Thomas singularity should be located on that ridge at k y P , where y P is the projectile velocity.
In this Letter we report on the first kinematically complete experiment for TI. We have measured all three momentum components of the recoiling He 21 ion, with a solid angle of nearly 4p, in coincidence with the polar and azimuthal deflection angle of the outgoing H 0 atom. These five momentum components fully determine the final state of the reaction (apart from the spin). The remaining four momentum components of the three particles in the continuum (H 0 , He 21 , e 2 ) are determined by the energy and momentum conservation laws, assuming capture to the ground state [8] . We can clearly separate the independent two-step process from the second-order e-e Thomas scattering by their different locations in the nine-dimensional momentum space, and thus we can determine the contributions to the total TI cross section for each of them separately.
We have used cold target recoil ion momentum spectroscopy (COLTRIMS) [9] [10] [11] [12] to determine the threedimensional momentum vector and the charge states of the recoil ions. The projectile beam was collimated to a size of ,0.5 mm and a divergence of ,250 mrad. The beam was charge-state selected before and after the target region by 0031-9007͞97͞79(3)͞387(4)$10.00different sets of electrostatic deflector plates. A precooled supersonic helium gas jet was used as target. It combines the two most important features necessary for recoil ion spectroscopy: low internal temperature ͑,50 mK͒ and the localization of the target (diameter 5 mm). A residual gas pressure without a gas jet of 1 3 10 28 mbar and a target thickness in the jet of 1.5 3 10 12 cm 22 were obtained. Recoil ions created in the interaction volume with the projectile beam were accelerated by a weak electric field (9 V͞cm) onto a two-dimensional position sensitive channel-plate detector with wedge-and-strip readout. Instead of a homogeneous field, used in previous experiments [9] [10] [11] , an electro-optical configuration which focuses the extension of the target region in all three dimensions on the detector was used [12] . This improves the momentum resolution by a factor of 10. For this experiment we ran the spectrometer with a momentum resolution of 60.15 a.u., less than the optimum resolution of 60.025 a.u. for all three directions, in favor of a higher target density.
The mechanisms responsible for nonradiative capture plus ionization can be grouped into two types, depending on whether (i) mainly the target nucleus or (ii) the continuum electron compensates the momentum change of the projectile, due to the mass transfer by the captured electron. Process (i) occurs if a target electron is captured by a projectile-target interaction due to a velocity matching between the electron and projectile involving the electronic velocity distributions in the initial and final bound state (kinematic capture), or if an e-N Thomas process occurs. From [13] we estimated that the e-N Thomas process is negligible for TI at the observed energies. To achieve TI in this process the second electron must also be emitted to the continuum. The second step might involve either a second interaction of the projectile with the target (IEM) [see Fig. 1(a) ] or proceed via relaxation of the target wave function (shake-off). McGuire et al. proposed an exchanged order of the latter process with ionization and shake-over [14] . The e-e Thomas mechanism [see Fig. 1(b) ] is a type (ii) process, which could, in principle, occur with two initially unbound electrons or, more generally, via the second-order ridge discussed by Ishihara and McGuire [7] .
The determination of all nine momentum components allows us to distinguish experimentally between the independent process and the correlated e-e Thomas mechanism. For TI, momentum conservation reads
where K x,y,z are the momentum components of the He 21 -recoil ion, k x,y,z of the emitted electron and q x,y,z the momentum change of the projectile. x, y denote the two components perpendicular and z the component parallel to the incident projectile. Using energy conservation, it follows to first order in Q͞E P and in the ratio between electron and projectile mass for the longitudinal ͑z͒ direction [12] [atomic units are used throughout ͑e h m e ac 1͒] FIG. 1 . Kinematics of the two-step process of kinematic capture and ionization by independent projectile electron interactions (IEM) (a) and of the correlated e-e Thomas process ( b).
Q e He 2 e H , where e H is the binding energy of the hydrogen atom and e He ͑ 22.9 a.u.) is that of the helium ground state. E e is the final continuum energy of the emitted electron. The capture leads predominantly to the ground state of hydrogen ͑Q 22.4 a.u.͒ [8] . Furthermore, rotational symmetry allows us to define q y 0 for each collision event, which means we rotate the electron and the recoil ion transverse coordinates from the lab system into the scattering plane, defined by the incident and scattered projectile. Thus x and y denote the components parallel and perpendicular to the projectile scattering plane. If we neglect Q͞y P , the signature for the strict e-e Thomas mechanism is q ͑y P , 0, 0͒ , k ͑2y P , 0, 0͒ and K ͑0, 0, 0͒ ,
where q x y P corresponds to u P 0.55 mrad. Figure 2 shows the longitudinal recoil ion momentum distribution for E P 0.5, 0.8, and 1.2 MeV, each at u P ͑0.15 6 0.15͒ and ͑0.55 6 0.15͒ mrad as indicated in the figure, i.e., the doubly differential cross section ds͑͞du P dK z ͒. The full curve represents an IE approximation which divides the two-electron transition into two independent one-electron transitions for transfer and ionization. The transfer amplitude was calculated in the continuum distorted wave (CDW) formalism and the ionization amplitude in the first Born approximation [5, 15] . The calculated results are scaled by a factor of 0.5 for E P 0.5 and 0.8 MeV. In this model, Eq. (2) may be split into two contributions which can be assigned to the different processes,
with Q t 1 Q i Q. The first contribution K 0 2Q t ͞y P 2 y P ͞2 results from the capture and leads to a backward momentum transfer to the recoil ion which is independent of the continuum electron momentum k, while the second contribution represents the momentum transfer to the recoil ion originating from the ionization process only. We chose Q t 21.5 a.u. and Q i 20.9 a.u. which correspond to the assumption that the more loosely bound electron is ionized. The left vertical lines in Figs. 2(a)-2(f ) show the values of K 0 for the different projectile velocities. The IEM results are nearly symmetric around K 0 for all E P , which is understandable because the IE model leads to K z ഠ K 0 whenever E e ø y P or k z ഠ ͑E e 2 Q i ͒͞y P . The latter case corresponds to the binary ridge condition. At u P 0.15 mrad, the present experiment shows a backward emission of the recoil ions. This backward momentum increases with increasing velocity, but not as much as the IE model predicts. The discrepancy between the IEM and the experiment becomes bigger with increasing velocity. At u P 0.55 mrad up to E P 0.8 MeV , the main peak of the experiment shows a much better agreement with the IE approximation than for u P 0.15 mrad. At E P 0.5 MeV , a shoulder and, at 0.8 MeV, a distinct peak structure appear close to K z 0. At 1.2 MeV, the doubly differential cross section is already dominated by recoil ions near K z 0. These facts cannot be described by the IEM; thus the contribution around K z 0 is assigned to the e-e Thomas mechanism [see also Eq. (3)]. The slightly positive K z of the Thomas contribution may result from the neglected Q value. Figure 3 shows the triply differential cross section d 3 [3(b) ] the momentum distribution shows two distinct peaks, one at K x 21.6 a.u. and K z 22.8 a.u., and one at K x 20.4 a.u. and K z 0.7 a.u. The main peak at 0.5 MeV, as well as the lower peak at 1 MeV, shows the clear signature of kinematic capture plus independent ionization. The upper peak in Fig. 3(b) again corresponds to the e-e Thomas mechanism. The kinematic capture plus independent ionization results in a much larger K x than the e-e Thomas contribution because a kinematic capture favors close impact parameters due to the high momentum components required in the initial state. Since the e-e Thomas mechanism does not depend on close impact parameters (it is also possible with two electrons at rest), it results mainly in small transverse recoil ion momenta. The four-body dCTMC calculations include the radial correlation between electrons by a dynamic screening parameter of the target nuclear charge as well as higher orders in the interaction between electrons and the target nucleus (i.e., the e-N Thomas mechanism). The e-e dCTMC includes the explicit 1͞r 12 potential which is "turned on" exponentially when the total energy of either electron relative to the He nucleus becomes positive, to enable e-e scattering but avoiding autoionization [16] . We find in the calculations without the 1͞r 12 interaction [ Fig. 3(c) ] that the longitudinal distribution shows the signature of independent capture and ionization, where the transverse momentum of the recoil ion effectively balances that of the projectile [u P ͑0.55 6 0.1͒ mrad is equivalent to q x ͑6.3 6 1.2͒ a.u.]. In Fig. 3(d) , where the 1͞r 12 e-e interaction is now turned on, the independent process peaks again near K x 26.3 a.u., in contrast to the experiment. However, a new contribution distinct from the above appears at about K x 0 and K z 1.0 a.u. This peak, as in the experiment, is attributed to the e-e Thomas mechanism.
We have extracted the absolute contribution of the e-e Thomas scattering by folding two Gaussian fits in the singly ds͞dK z and doubly differential cross sections
, and 2(e)]. The results are shown in Fig. 4 . We find a y 27.461.0 P dependence for the e-e Thomas process by fitting the function s a 3 y b P to the data. This is in disagreement with the classical prediction of Thomas [1] and the asymptotic result of the BK2 [6, 17] , all predicting a y 211 P dependence. However, we find a good agreement for the e-e double scattering with a "post" version of the four-body reformulated impulse approximation (RIA-4B) [19] . Among other required terms, the crucial 1͞r 12 interaction is explicitly included in the perturbation potential. In the exit channel, a dynamic screening of the target nuclear charge is used as a function of both the ejected electron momentum and the incident velocity.
In conclusion we have performed a kinematically complete experiment on the proton on helium transfer ionization using COLTRIMS. It enables us to distinguish clearly between the independent two-step process and the FIG. 4 . Total cross section for TI: present experiment (solid squares), [18] (open diamonds), CDW-Born IEM (dasheddotted line), and RIA-4B (upper solid line). Second-order e-e Thomas scattering: present experiment (solid circles), classical e-e double scattering [1] (dotted line), BK2 for e-e Thomas [6] (dashed line), and RIA-4B (lower solid line).
e-e Thomas scattering in the nine-dimensional momentum space of the final state. From this we obtained the first data on the absolute contribution of the Thomas process to the TI cross section between 0.5 and 1.4 MeV. COLTRIMS will also be applied to extend this experiment up to 10 MeV and to search for double Thomas structures [20, 21] in He 21 on He double capture, at the CRYRING of the Manne-Siegbahn Institute in Stockholm. The gas target and the recoil ion momentum spectrometer for such storage ring experiments are in preparation.
